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Abstract 
The optimal synchronization of the material flow in a job shop appears to be a prerequisite to ensure the constant availability of 
resources at the manufacturing systems. Synchronization has been extensively studied in many disciplines (physics, biology, 
chemistry, medicine, etc.). However, research on the presence of synchronization in manufacturing systems is still sparse and it is 
not yet possible to fully evaluate the effects of synchronization on performance. Therefore, it is necessary to establish a common 
procedure for measuring and quantifying synchronization in job shop manufacturing. This article aims to do so by presenting two 
distinct quantification and visualization methods for synchronization and applying them to real production feedback data from job 
shop manufacturers. 
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1. Introduction 
Customer requirements are ever-increasing, which 
leads to high-quality customized products delivered at 
short times, while at the same time global competition is 
becoming more and more intense [11]. As a result 
companies are confronted with challenging conditions, 
which in turn gives rise to very high complexity of their 
manufacturing systems [1]. Production systems should 
enable enterprises to process a wide variety of products 
reliably while keeping costs low. The optimal 
the 
key to competitiveness and survival [17]. 
Synchronization has been extensively studied in 
many disciplines (physics, biology, chemistry, medicine, 
etc.) [16]. In addition, it has also received certain 
attention in the logistics and supply chain management 
literature as a possible mitigation of the Bullwhip Effect 
in supply networks. However, research on the presence 
of synchronization in manufacturing systems is still 
sparse. Job shop manufacturing is considered as one of 
the most suitable production set-ups providing 
companies with high flexibility [11]. Therefore, it is 
necessary to establish a common procedure for 
measuring and quantifying synchronization in job shop 
manufacturing. This article aims to do so by presenting 
two distinct quantification and visualization methods for 
synchronization and applying them to real production 
feedback data from job shop manufacturers. 
The paper is structured as follows. The second section 
describes how synchronization and logistic 
synchronization are currently understood. The third 
section then introduces two different synchronization 
measures. In the fourth section the application of these 
measures in different job shop manufacturing systems is 
presented. The paper finishes with a conclusion given in 
section five. 
2. Literature review 
2.1.  What is Synchronization? 
Fireflies emitting light signals, people clapping at the 
end of a theatre performance, violins in an orchestra, 
pendulum clocks: these are all objects that could be 
described as being synchronous. This term originates 
from the Greek language and its direct translation is 
 the common 
[9]. Synchronization is indeed related to numerous 
phenomena present in various natural sciences, 
engineering fields, and social life [9]. The history of 
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synchronization goes back to as early as the seventieth 
century when Huygens noticed that the pendulums of 
two clocks were synchronized; their oscillations were 
exactly the same. Synchronization in living systems was 
also noted centuries ago, when Kaempfer witnessed how 
glowworms conceal their light at the same time and 
make it reappear simultaneously a moment later. Much 
later on, scientists observed various synchronization 
phenomena in acoustic and electrical systems [9]. 
As synchronization covers diverse types of 
phenomena, providing one standard definition is 
difficult. However, Pikovsky et al. (2003) broadly define 
 [9] and according to Manrubia et al. (2004) 
synchronized when rigid correlations 
between their internal dyna [6]. This 
interaction or correlations result from the coupling of 
systems, which exhibit some form of oscillatory 
behaviour. Depending on the coupling strength, different 
types of synchronization exist. A very strong coupling 
makes the systems almost indistinguishable and leads to 
complete synchronization. A weaker coupling equalizes 
the mean frequencies of the oscillating systems, while 
their amplitudes remain different, and thus results in a 
phenomenon known as phase synchronization [9]. 
2.2. What is Logistic Synchronization? 
Having introduced the general synchronization 
definitions, this paper now looks into how they can be 
applied to logistics and how one can define 
synchronization of logistic or manufacturing systems. 
To begin with, definitions of the term "logistic 
synchronization" can be found in literature. According to 
Fastabend logistic synchronization occurs when a flow-
oriented coordination is present in the production-
logistic process chain [2]. Besides, Wiendahl defines 
logistic synchronization as the output-input coupling, i.e. 
a firm determination of the input by the output [18]. 
Both these definitions rely on the just-in-time 
philosophy, which provides for materials and products 
being moved to the next system just when they are 
needed. In addition, when speaking about logistic 
synchronization, one might want to distinguish between 
external synchronization, which spreads across the entire 
supply chain, and internal synchronization, which covers 
the manufacturing processes inside a company. 
The external logistic synchronization extends outside 
of the company borders and refers to the coupling of the 
operations of successive tiers of the supply chain. Such a 
supply chain synchronization can be triggered by 
improved communication, end-to-end visibility and 
information sharing across the supply chain, and is often 
[5]. Simulation studies have also confirmed the 
beneficial effects of the presence of synchronization in 
supply chains [13,14]. 
Moreover, the internal logistic synchronization 
focuses primarily on the coupling of the system input to 
the output of the preceding node in the manufacturing 
process. A good example of a highly synchronized 
manufacturing system is the paced assembly line. All 
workstations have the same time to execute the tasks 
assigned to them [12]; this so-called cycle time ensures 
consecutive workstations are coupled with one another 
[7]. In a job shop environment, one might also want to 
achieve synchronization of material flows or process 
operations and thus benefit from waste elimination [7].  
There has also been other synchronization-related 
research in the context of transportation. For example, 
Fretter et al. (2010) investigated phase synchronization 
in railway timetables and found out a negative 
correlation between synchronization levels of train 
stations on the one hand and their efficiency and 
robustness on the other [3]. This raises a question of 
whether too much synchronization can have negative 
impact on the performance of a logistic system with 
respect to efficiency and robustness. 
Hence, there appears to be different views of logistic 
synchronization. This paper focuses on analyzing the 
internal logistic synchronization in job shop 
manufacturing environments; two different measures for 
it are presented in the following section. 
3. Synchronization Measures 
3.1. Cross-Correlation 
The cross-correlation is a measure of linear 
synchronization between two discrete univariate time 
series. It describes how strong the development of the 
two time series is coupled, depending on the time gap . 
The cross-correlation function for the two time series Xt 
and Yt in the time interval t=1 N is defined as 
y
t
N
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1)(  (1) 
where x  and x  are the mean and standard 
deviation of the time series. The parameter  denotes 
the time lag. Due to the normalization, the output of the 
function ranges from -1 (opposed synchronization) over 
0 (no synchronization) to 1 (perfect synchronization). 
For yx , the cross-correlation function corresponds 
to the autocorrelation function, indicating if there is a 
repetitive behavior in the time series, e.g., seasonality 
[10,15]. 
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In order to better illustrate the cross-correlation 
concept, an example of three time series a, b, and c is 
presented (see Fig. 1a). All time series are of sinusoidal 
shape and have the same amplitude; however, their 
cross-correlations differ. Fig. 1b shows the cross-
correlation between time series a and b as well as 
between a and c, depending on the time lag . Time 
series a and b have the same frequency, shifted by 1 time 
unit and it is apparent from the cross-correlation graph 
that the highest correlation between the time series 
occurs at a time lag of -1. Besides, time series c has a 
lower frequency and, consequently it is not significantly 
coupled to time series a, as indicated by the cross-
correlation between them. 
 
 
Fig. 1. (a) Three time series: a, b and c; (b) Cross-correlations between 
a and b as well as between a and c 
3.2. Phase Synchronization 
Phase synchronization describes the coupling of two 
or more phase oscillators. In other words, there are a 
number of devices that repeatedly perform an event 
(e.g., the start of an operation on a machine in a factory) 
with a certain amount of time between the events (the 
phase length). If a group of devices performs the event 
simultaneously and all devices have the same phase 
length, the devices are synchronized [8,9]. 
A possibility to quantify the phase synchronization is 
offered by the Kuramoto model [4]. The phase 
synchronization index  is a key figure for measuring 
to what degree a number of events are synchronized 
based on a given phase length [3]: 
N
j
ie jN 1
)(1)(   (2) 
As shown on Fig. 2 every event at time t can be 
translated into the corresponding phase  depending on 
the phase length  [3]: 
mod2)( tt  (3) 
If a number of N events at times ti 
inserted into the synchronization index formula, the 
resulting index  is a number between 0 (no phase 
synchronization) and 1 (full phase synchronization), 
representing the degree of synchronization depending on 
the given phase length.  
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Fig. 2. Phase synchronization 
3.3. Difference between the Two Synchronization 
Measures  
The two described synchronization measures 
represent two distinct philosophies of how to understand 
The cross-correlation, on the 
one hand, refers to synchronization as the coordinated, 
immediate, consecutive occurrence of events. This 
understanding of synchronization is driven by engineers 
who aim at creating lean and efficient systems, e.g., in 
supply chain management, transportation, or in 
production planning and control. The steady flow of 
goods or material without breaks or inter-operation 
waiting times manifests itself in a high cross-correlation 
of buffers, preferably with a small time lag. 
Phase synchronization, on the other hand, describes to 
what extent a number of events are regular repetitive 
actions. A prerequisite for a high degree of phase 
synchronization is the regularity of events. In contrast to 
this, cross-correlation can also occur between two 
heavily fluctuating time series, as long as their 
fluctuations go along with each other. The paper now 
proceeds with applying these two synchronization 
measures to the job shop manufacturing case. 
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4. Application of Synchronization Measures in Job 
Shop Manufacturing 
4.1. Application of Cross-Correlation 
As already mentioned above, the cross-correlation 
measure of synchronization represents how strong 
different time series are coupled. In a job shop 
manufacturing environment one time series that could be 
used for synchronization measurement is the Work in 
Process (WIP) level on each individual work system 
(WS).  
To demonstrate the application of the presented 
synchronization measures, a set of feedback data from a 
job shop manufacturer has been collected. The feedback 
data includes information on all operations within one 
year, including their start and end times, their work 
content, and the WS that has been used. The daily WIP 
levels of all work systems were determined using the 
feedback data. 
 
 
Fig. 3. WIP development of four work systems 
If the WIP levels of two WSs are coupled with a 
certain time lag, they could be considered as  
synchronized; once certain products are processed at one 
system, they are transferred to another one with some 
time delay and as a result the WIP level of the two 
systems exhibit similar, yet temporally shifted 
development. For example, looking at the WIP 
development per day for four WSs (out of 50 in total) of 
the above mentioned job shop manufacturer, one can see 
that three of them (WSs 20, 28 and 1) progress in a 
similar manner, while the fourth one (WS 2) differs (see 
Fig. 3). It is interesting, therefore, to calculate the cross-
correlation between the WIP levels and to find out if the 
WSs are synchronized. 
An analysis of the cross-correlations between all 
work systems at this manufacturer shows that some work 
systems are synchronized, while others are not. Fig. 4 
shows the four highest cross-correlations of WS 1 with 
other work systems as well as its autocorrelation. The 
covered time lag period is for one year backward and 
forward. It is clear to see that WSs 22 and 28 are highly 
synchronized with WS 1 for 1, because the cross-
correlation reaches around 0.5 at this time lag. 
 
 
Fig. 4. Example for presence of synchronization 
 
Fig. 5. Example for absence of synchronization 
Fig. 5 shows the four highest cross-correlations for 
WS 2. In contrast to the previous case, a significant 
correlation cannot be identified. 
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The question arises whether there is a simple cause 
for the emergence of synchronization between certain 
work systems. One possible reason for this might be a 
high number of products flowing between them. 
However, looking at the material flow graph for this 
examined manufacturer (see Fig. 6), one can see that the 
work systems with highest material flow between them 
are WS 1 and WS2, for which the cross-correlation 
measure indicated absence of synchronization behavior. 
Hence, there is no trivial cause-and-effect relation 
between the observed cross-correlation. Further 
investigations beyond the scope of this paper are 
necessary in order to better understand the factors 
triggering the emergence of synchronization in a job 
shop environment. 
 
 
Fig. 6. Material flow graph. The numbers in the nodes indicate the 
work system number and the numbers on the links denote the number 
of products that were transferred from one work system to the 
following work system within the investigated period. 
4.2. Application of the Phase Synchronization Index 
The synchronization index  can be determined for 
a number of events that have been transformed into the 
phase value , depending on a phase length  (see 
Section 3.2 for details). The event under study in this 
paper is the start of an operation on a machine in job 
shop manufacturing. The synchronization index  has 
been calculated for each work system for six separate 
sets of feedback data from six manufacturing companies. 
The structure of the feedback data is analogous to the 
data used in Section 4.1. All operation start times at a 
work system have been converted to the phase value , 
followed by the calculation of the synchronization index 
 for each machine. To determine the level of 
synchronization in a company, the average over all  
values over all M WSs was determined: 
M
i
iM 1
1
 (4) 
 
Fig. 7. Average synchronization index depending on phase length in 
days 
Fig. 7 displays the averaged synchronization over all 
machines for all six companies, depending on the phase 
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length  in days. The three subfigures show (from top 
to bottom) the average synchronization for a phase 
length between 1 and 60 minutes, between 1 and 12 
hours, and between 1 and 31 days. The synchronization 
is relatively low for phase lengths below one hour. The 
highest peaks of synchronization can be observed for  
values of 0.5 (half a day), 1 (one day), and 7 (one week). 
Additionally, there are small but recognizable peaks at 6 
and 8 hours (a quarter and a third of a day). 
Interestingly, company D has a much weaker 
manifestation in its synchronization. This is caused by 
the fact that company D is the only company that has a 
24-hour working day in three shifts. 
The occurrence of higher levels of synchronization at 
phase lengths of a full day or a full week (7 days) shows 
that the synchronization measure works, as it is able to 
identify recurrent behavior in the company data. Such 
behavior is obviously influenced by the day/night cycle 
as well as the week cycle (and consequently fractions 
thereof), which influence the start times of operations in 
the observed companies. 
5. Conclusion 
This paper presented two different measures of 
synchronization, which can be used by job shop 
manufacturers. The paper also applied these measures to 
real production data. Firstly, the results of the cross-
correlation measure indicate that the WIP levels of 
different machines are coupled, i.e. that some machines 
are clearly synchronized and others are clearly not. 
Surprisingly, this correlation is not simply caused by the 
intensity of the direct material flow between the 
examined work systems. Secondly, the phase 
synchronization measure suggests that depending on the 
considered phase length, job shop manufacturers can be 
said to operate at a high or low synchronization level. 
Nevertheless, further research is required to investigate 
the presence and cause of synchronization in job shop 
manufacturing. Finally, manufacturing systems are 
confronted with various disturbances and fluctuations 
[19], and highly synchronized processes can easily be 
disrupted in such volatile environments. Therefore, it is 
not clear how synchronization affects the performance of 
the manufacturing systems and this will be another area 
for further research, which will enable manufacturers to 
obtain the optimal synchronization level for them. 
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